or cord hollowing (extracellular lumen) [4] [5] [6] and restricts thereby the initial lumen diameter to one or two endothelial cells (ECs) respectively. However, vasculogenesis can result in large diameter blood vessels, raising the question how these vessels are formed. Here, we describe an alternative model of vasculogenesis that results in the formation of large diameter vessels. In this model, ECs coalesce into a branched network of EC struts within the future lumen of the vessel. These struts maintain the patency of the vessel and serve as a scaffold for the ECs forming the vessel wall, which initially consists out of a few patches of ECs. Together, we show that endothelial struts facilitate the formation of large blood vessels without being bound by the prerequisite of a cord-like structure, nor are they restricted in size.
The dorsal aorta (DA) and posterior cardinal vein (PCV) are the first blood vessels to arise in the developing vertebrate embryo. The formation of the DA and PCV within the zebrafish model has been exemplary for studying the de novo formation of blood vessels 7, 8 . In zebrafish, the caudal part of the PCV, posterior of the yolk sac extension, is referred to as the caudal vein (CV) and has the largest diameter of any blood vessel found during development. In perspective, the lumen diameter of the CV is about 5 times larger than that of the DA and forms through an extracellular lumen between two adjacent ECs [9] [10] [11] [12] . Despite the large difference in lumen diameter between the DA and PCV, these vessels are formed and become functional in a near equal time-frame, suggesting that lumen of the CV might not be formed by one of the currently known mechanisms. To investigate how the CV is formed, we imaged its formation by confocal microscopy with high temporal and spatial resolution. For visualization purposes, we have distinguished between the formation of the lumen and the vessel wall by masking either population from the acquired images ( Fig. 1a ). Around 18 hours post fertilization (hpf) the venous ECs can be observed as single rounded cells at the midline of the embryo.
Between 18-22 hpf, these ECs started to coalescence into a branching network of ECs that spans the future lumen of the CV (Fig. 1b ; orange box and Supplementary Video S1 left panel). The majority of these branches are composed out of multiple ECs ( Supplementary Fig. S1a ). Within the next 4 hours this network gradually prunes and completely clears the lumen around 26-28 hpf (Fig. 1b-d and Supplementary Video S1 left panel).
The wall of the CV exists initially only out of a few patches of ECs, which is in stark contrast with our current models of vasculogenesis in which the wall is already present before lumenization ( Fig. 1b , green box and Supplementary Video S1 right panel). Closure of the vessel wall coincides with pruning of the endothelial network. Together, these results suggest that CV is formed around a branched network of ECs that serve both as a scaffold for the ECs forming the wall and as a temporary structure that maintains the patency of the lumen, hence we termed them endothelial struts. Bone morphogenetic protein (BMP) plays a pivotal role in the formation and remodeling of the caudal vein 13, 14 . To test whether BMP signaling is involved in the formation of endothelial struts, we inhibited BMP signaling by either expressing the BMP antagonist noggin 14 or by treatment with the small molecule DMH1, a dorsomorphin analogue 15 . Noggin expression was controlled by the heatshock inducible promoter and allowed for inhibition of BMP signaling after the BMP-dependent specification of the dorsoventral mesoderm 16, 17 . When we inhibited BMP signaling, the ECs maintained their rounded morphology and failed to coalescence into struts, indicating that BMP signaling is essential for endothelial strut formation ( Fig. 1e ). Pruning of the endothelial struts coincided with the closure of the wall of the CV (Fig. 1b ).
From these observations we hypothesized that ECs from endothelial struts are being re-used to form the wall of the CV. To test this hypothesis, we labeled and traced individual endothelial struts by ultraviolet photoconversion of the green to red DENDRA2 fluorescent protein. We found that ECs from a single strut could be part of the wall of the CV, DA or give rise to the intersegmental vasculature. Thus, ECs from struts are being redistributed during pruning to become part of the surrounding vasculature ( Supplementary Fig. S1b ).
It has been shown that the precursors of the arterial and venous ECs (also referred to as angioblasts) arise from distinct locations within the lateral plate mesoderm 11, 12 . Due to this spatial difference, the arterial ECs arrive about 3 hours earlier at the midline of the embryo than the venous ECs and it was therefore hypothesized that the DA and PCV are formed independently by either arterial or venous ECs respectively 12 . Our finding that some endothelial struts located within the CV can be part of arterial blood vessels either suggests that venous ECs can give rise to arterial structures or arterial ECs participate in endothelial struts. To gain insight into the behavior of the arterial and venous EC populations, we first imaged the ECs populations when they arrived at the midline of the embryo and found that more anteriorly in the trunk the arterial and venous ECs can be observed as two separate populations ( Fig. 2a ). However, more posteriorly the arterial and venous ECs become increasingly intermingled without a clear separation between the two populations ( Fig. 2a and 2b; left panel (18 hpf)). As a result, the DA and the CV form a common precursor vessel that overtime and at the interface of the DA and CV, separates into two separate vessels through unmixing of arterial and venous ECs ( Fig. 2b and Supplementary Video S2). To visualize arterial and venous ECs, we imaged embryos in which arterial ECs are fluorescently labeled by the arterial restricted Notch ligand delta-like 4 (dll4) 18 or by fluorescent reporting of Notch activity (TP1) 19 . Some endothelial struts located with the CV express arterial markers ( Fig. 2c and d). Notably, we observed that arterial ECs that form the roof of the DA -juxtaposed the hypochordexpressed dll4 earlier and showed an increased Notch signaling compared to the arterial ECs positioned more ventrally ( Fig. 2c and d) . These results suggest that the arterial angioblast positioned against the hypochord have a stronger arterial signature than the more ventrally positioned arterial ECs, which includes the ones that form endothelial struts. The EphrinB2a transmembrane ligand is a downstream target of Notch signaling and plays a key role in determining arterial and venous boundaries and segregation 10, 20, 21 . Inhibiting EphrinB2a signaling prevented the unmixing of the arterial and venous ECs in the CV region, resulting in a DA and PCV that remained fused ( Fig. 2e) 10 . However, abrogation of ephrinB2a expression did not prevent pruning of endothelial struts ( Fig. 2e ). Thus, the most ventral arterial ECs have an initial weaker arterial identity that becomes stronger over time, driving ephrinB2a expression and thereby the segregation of the two vessels, while it is not involved in pruning of the endothelial struts.
Pruning of endothelial struts coincides with the onset of blood flow, an important factor in vascular remodeling and endothelial cell fate determination [22] [23] [24] . Therefore, we tested whether pruning of endothelial struts was dependent on blood flow. To this end, we prevented the onset of blood flow by inhibiting the expression of cardiac troponin T2a (tnnt2a) and thereby the myocardial function or we administrated the muscle relaxant ms-222 (tricaine methanesulfonate) to suppress the heart beat 25 . To monitor blood flow, we treated embryos in which primitive erythrocytes and the ECs are differently labeled and found that embryos without blood flow showed no difference in endothelial strut pruning ( Fig. 3a ). Our imaging data revealed that the primitive erythrocytes were positioned between the arterial and venous ECs, with an increased mixing between the erythrocytes and venous ECs from anterior to posterior (Fig. 3c ). As struts are formed, the CV becomes compartmentalized with some compartments filled with erythrocytes ( Fig. 3c ). The DA is initially devoid of erythrocytes ( Fig. 3b and c (20 hpf)) and only start to enter the DA when blood flow is initiated ( Fig. 3c (24 hpf) ).
Pruning of the endothelial struts resulted in the gradual loss of these compartments, thereby releasing the erythrocytes into the circulation ( Fig. 3d and Supplementary Video S3).
To study the function of endothelial struts, we ablated 1-2 cells within a single strut by ultrashort pulses of near-infrared laser light that severed the strut. This technique has been show to generate negligible heat transfer and collateral damage to neighboring tissues 26 . Due to the anatomical structure of the CV, we could only reliably sever endothelial struts after 22-24 hpf ( Fig. 4 and Supplementary Video S4). Struts perpendicular to the sagittal plane were often difficult to detect and thus reliably to sever, but on average we were able to ablate 95% of the struts ( Fig. 4 ; arrow head middle right panel and Supplementary Video S5). As a control, we sham treated embryos by aiming the laser 25-50 micron next to endothelial struts, in the empty space of the lumen, with the same number of ablation pulses as in treated embryos. Severing of nearly all endothelial struts did initially not lead to a dramatic change in the shape of the lumen. However, the CV collapsed upon the onset of circulation, which can be explained by the presence of the primitive erythrocytes, which hold the shape of the CV until they are flushed from the CV by circulation. (Fig. 4b and Supplementary Video S6). Nonetheless, the lumen of the collapsed CV remained sufficiently large to allow circulation. Severing a single strut often resulted in a slight deformation of the CV and in animals in which circulation just had initiated it also resulted in the release of erythrocytes into the circulation. ( Supplementary Fig. S2 and Supplementary Video S5 (embryo 2)).
Normally, the CV remodels in to the caudal vein plexus through sprouting and anastomosis, a blood flow dependent process [27] [28] [29] . However, embryos devoid of struts showed an impaired remodeling of the CV, which might be due to altered flow strength and patterns ( Fig. 4c ).
Here, we show that during embryonic development ECs can form large diameter blood vessels almost instantaneously through the formation of endothelial struts, without the prerequisite of a vascular cord ( Fig. 5 ).
Severing endothelial struts results in the collapse of the CV upon the onset of circulation suggesting that these struts provide structural support and maintain the shape of the lumen by withstanding external forces. In support, severing a single endothelial strut resulted in a slight compression of the CV ( Supplementary Fig. S2 ), suggesting that endothelial struts experience a compressional force. These forces are generated during development and are an import factor in tissue morphogenesis and patterning 30, 31 . However, most endothelial struts are as thin as 1 or 2 ECs and therefore it is arguable whether they can withstand large external forces and provide structural support directly. Combinatory imaging of the primitive erythrocytes and endothelial struts revealed that endothelial struts compartmentalize the CV, of which some are filled with erythrocytes. We propose that these erythrocyte filled compartments provide additional structural support and completement thereby the endothelial struts in maintaining the shape of the CV.
It was recently shown that the lateral plate mesoderm harbors two populations of angioblasts, the most medial population -closest to the midline of the embryo-forms the DA and the more lateral population forms the PCV 11, 12 . Due to this spatial difference, the arterial angioblasts arrive about 2-3 hours earlier at the midline and are positioned ventrally against the hypochord, while the venous angioblast migrate more ventrally of the arterial population. From these observations it was concluded that the DA and PCV arise as two separate entities 12 and not through a previous proposed model of arterial-venous segregation 10 . In this latter model, angioblasts first form a common pre-cursor vessel at the midline of the embryo that subsequently segregates into the DA and PCV through unmixing of arterial and venous ECs, a process dependent on EphrinB2a 10 . While these two models seem mutual exclusive, we show here that the caudal part of the DA and CV first forms a common precursor vessel through endothelial struts and subsequently segregates into the DA and PCV in an EphrinB2a dependent mechanism. However, more anteriorly the ECs appear as two separate populations that sporadically interact with each other, suggesting that the DA and PCV arise as two separate vessels ( Fig. 2a ) To date, it remains unclear how and precisely when the angioblasts are specified into arterial or venous ECs. However, it has become clear that angioblasts committing to the arterial fate require multiple spatial and temporal Notch signal inputs, suggesting that angioblast gradually acquire the arterial identity 12, 32, 33 . This gradual specification plays a key role in endothelial strut formation as it allows firstly for the development of endothelial struts between ECs of the opposite fate and secondly it facilitates the unmixing of arterial and venous ECs through expression of arterial and venous specific genes like EphrinB2 when the arterial identity becomes more prominent 10, 21 . Together, we show here that depending on the anatomical location in the trunk the DA and PCV can either arise as separate vessels or from a common pre-cursor vessel through endothelial strut formation.
Many organisms rely on the formation of tubes to transport fluids or gasses, hence the great variation in shapes, sizes and composition. Large tubes are generally thought to arise through wrapping or cavitation, which requires massive cell reorganization or loss through apoptosis respectively 34 . The here presented mechanism provides a new concept to form such large lumenized structures without the need of a prerequisite sheet of cells (wrapping) or the unnecessary loss of a large number of ECs.
Methods

Zebrafish husbandry
Zebrafish (Danio rerio) were maintained according to the guidelines of the UCSD Institutional Animal Care and Use Committee. The following zebrafish lines have been previously described: Tg(fli1a:lifeactCherry) ncv7Tg 27 referred to as fli1a:laCherry; Tg(fli1a:eGFP) y1 35 ; Tg(hbbe1.1:EGFP) zf446 36 referred to as Tg(globin:eGFP); Tg(flk:DENDRA2) 37 ; Tg(dll4:Gal4FF) hu10049Tg 18 ; Tg(UAS:lifeactGFP) mu271 38 referred to as UAS:laGFP; Tg(EPV.Tp1-Mmu.Hbb:GFP-utrn) 19 referred to as Tg(Tp1:GFP).
Morpholino, plasmid injections, heat-shock and chemical treatment
Embryos were injected at the one-cell stage with 2.5 nl morpholino oligonucleotides (MOs) or 50 ng plasmid with 100ng tol2 mRNA. EphrinB2a (efnb2a) translation blocking MO (GeneTools) ( 41 . Laser ablation of endothelial struts was achieved by using targeted ultra-fast laser pulses that were generated with a multi-pass Ti:Al2O3 amplifier of local construction that followed a previously published design 26 and operated at a 5 kHz pulse-rate. The Ablation beam and the imaging beam were combined before the microscope objective with a polarizing beam splitter 26 . We focused the two beams in the same focal plane and centered the ablation beam in the area that 
